To evaluate the influence of birth weight on apolipoprotein (apo) E genetic determinants of plasma lipids levels in prepubertal children we studied 933 healthy children (491 males and 442 females) 6 to 8 years old (mean age of 6.7 y), whose weight was recorded at birth. Plasma lipid and apolipoprotein concentrations and apo E genotypes were determined. We observed a greater effect of the apo E polymorphism on total cholesterol (TC), LDL-cholesterol (LDL-C) and especially apo B levels in children with birth weight in the lower tertile compared with those with birth weights in higher tertiles. Taking the ⑀3 allele homozygosity as reference, in boys with birth weights in the low tertile the overall lowering effect of the ⑀2 allele on TC, LDL-C and apo B was greater (10.5% (p Ͻ 0.01), 20.2% (p Ͻ 0.01) and 18.8% (p Ͻ 0.01), respectively) than in those in the highest tertile (5.6% on TC, 10.3% on LDL-C and 12.6% (p Ͻ 0.01) on apo B). A similar trend in this effect between tertiles of birth weight was also observed in girls. For both sexes, linear regression analysis demonstrates a positive and significant interaction between birth weight and ⑀2, which may explain the fact that the decrease in TC, LDL-C and apo B associated with the ⑀2 allele is more marked the lower the birth weight. Taking into account the prevalence of apo E polymorphism, and that appears to be the main genetic factor affecting plasma lipids, the interaction of apo E genotype and birth weight could be an important determinant of TC, LDL-C and apo B levels, and, as a consequence, of atherosclerosis. (Pediatr Res 52: 873-878, 2002) Abbreviations apo, apolipoprotein TC, total cholesterol TG, triglycerides HDL-C, HDL-cholesterol LDL-C, LDL-cholesterol CHD, coronary heart disease Coronary heart disease (CHD) and its risk factors, including abnormalities in lipid metabolism, are associated with small size at birth and low weight during infancy (1, 2). Genetic composition also determines differences in plasma lipid levels and susceptibility to atherosclerosis. Although the risk of CHD due to both environmental and genetic influences is well known, the extent of interactions between these factors has not been well characterized.
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Apolipoprotein E (apo E) is one of the key regulators of plasma lipid levels by affecting the hepatic binding, uptake, and catabolism of several classes of lipoproteins (3) . Apo E genotypes are one of the most important genetic determinants of atherogenesis. Apo E appears in three isoforms E2, E3, and E4, encoded by the corresponding alleles ⑀2, ⑀3, and ⑀4. Previous studies have documented the impact of these mutations on CHD (4 -6) and the effects of these alleles on the normal variation of lipid levels in adult populations. Heterozygous subjects for the ⑀2 and ⑀4 alleles had, respectively, lower and higher total cholesterol (TC) and LDL-C levels than subjects carrying the ⑀3⑀3 genotype (7) (8) (9) . This influence of the apo E polymorphisms on the metabolism of the apo B-containing lipoproteins appears to be present in the 1st years of life (10 -13) . However, the influence of in utero growth and metabolism on the apo E genetic contributions to plasma lipid levels remains unclear. Thus, in the present work, we analyzed the influence of birth weight on the apo E genotype determinants of plasma lipids levels on later steps of life by studying the apo E effect on lipid Population. The cohort population included 933 healthy school children (491 males and 442 females) 6 to 8 y old (mean age of 6.7 y) who participated in a voluntary survey of cardiovascular risk factors in Spain (14) . Subjects accepted for study were required to submit birth weight as recorded in a legal birth certificate. All were free of any endocrine, metabolic, hepatic, or renal disorder. The study protocol complied with Helsinki Declaration guidelines and Spanish legal provisions governing clinical research on humans, and was approved by the Clinical Research Ethics Committee of the Fundación Jiménez Díaz in Madrid. Parents were required to sign a written consent for participation of their children in the study. Sampling was randomized and stratified by pools of school centers in each participating city.
Anthropometric measurements. Height and weight were determined when children were lightly dressed and without shoes. Height was measured to the nearest 0.1 cm using a portable stadiometer and weight was recorded to the nearest 0.1 kg using a standardized electronic digital scale. From these measurements a body mass index (BMI, weight in kilograms divided by the square of height in meters, kg/m 2 ) was calculated. A questionnaire was provided along with consent forms and parents were asked to provide information regarding the child's general health and about family history of dyslipidemia or CHD, and to report birth weight from a birth certificate.
Blood sampling, lipid and apolipoprotein analyses, and DNA extraction. Fasting (12-hours) venous blood samples were obtained from every child early in the morning by venipuncture. Plasma cholesterol and triglyceride levels were determined enzymatically (Menarini Diagnostics) with a RA-1000 Autoanalyzer. The coefficients of variation of the methods were 2.06% for cholesterol determinations and 3.42% for triglycerides determinations. HDL-cholesterol (HDL-C) was also measured in the RA 1000 after precipitation of apo B-containing lipoproteins with phosphotungstic acid and Mg (Boehringer Mannheim). LDL-C was calculated according to Friedenwald's formula. Plasma apo A-I and apo B concentrations were quantified by immunonephelometry (Array System, Beckman Instruments). Apo E genotyping. Genomic DNA was prepared from leukocytes. For apo E genotyping, DNA was amplified by PCR using the primers 5'CGGGCACGGCTGTCCAAGGAG3' and 5'CAGCGCGCCCTGTTCCACGAG3' as described (15) . The 244bp amplified fragment was restricted with the enzyme HhaI, and the resulting DNA fragments were separated by an 8% PAGE. Apo E genotype was determined by comparison with the combination of fragment sizes described by Hixon and Vernier (16) .
Statistical analysis. Differences in mean values of anthropometric variables and lipid traits between boys and girls were tested by Student's t test. Analysis of variance (ANOVA) was used to compare lipid and apolipoprotein levels and anthropometric measurement across genotypes in the whole sample, and by tertiles of birth weight, for boys and girls separately. When statistically significant differences arose (p Ͻ 0.05), differences between each pair of groups were assessed by the Tukey test.
Data were also analyzed using linear regression analysis. The linear regression analysis was performed with the lipid parameters as dependent variables and birth weight (in a continuous scale), two dummy variables for ⑀2 and ⑀4 alleles and the interactions between those variables as independent variables. This type of analysis was aimed to examine the independent relationship of the lipid variables with birth weight, apo E genotype and their interactions.
Statistical analyses were performed using the SPSS software package, version 9.0.
RESULTS
Descriptive statistics for the age, weight, height, BMI, birth weight, and plasma lipid levels by gender are given in Table 1 . The average birth weight of girls was lower than for boys. In addition, girls showed significantly lower apo A-I and higher apo B plasma levels than boys.
Due to the typically small representation of the ⑀2⑀2, ⑀2⑀4, and ⑀4⑀4 genotypes, we focused our analyses on subjects with the three most common genotypes: ⑀2⑀3, ⑀3⑀3, and ⑀3⑀4. The distribution of the apo E genotypes did not differ between girls and boys, and was similar to that reported in South European countries (17, 18) . Mean values for anthropometric variables were similar across apo E genotypes (data not shown).
In both sexes, mean concentrations of plasma TC, LDL-C and apo B varied significantly (p Ͻ 0.01) across the apo E genotypes. Boys and girls with the ⑀2⑀3 genotype had significantly (p Ͻ 0.01) lower plasma TC, LDL-C, and apo B Tables 2 and 3) . However, the effect of apo E genotype on lipid levels substantially varied across tertiles of birth weight. The frequencies of apo E polymorphisms did not differ between children of different birth weights (data not shown). To evaluate the effect of birth weight, plasma lipid and lipoprotein levels in the three tertiles of birth weight were calculated for each apo E genotype in boys (Table 2 ) and girls (Table 3) . Considering all apo E genotypes together, those with low birth weight tended to have elevated TC, LDL-C, apo B and TG, and diminished apo A-I plasma concentrations, though the trends were not statistically significant.
As shown in Table 2 , using the ⑀3 allele homozygosity as reference, the overall lowering effect of the ⑀2 allele in boys in the lowest birth weight tertile was much higher (10.5% on TC (p Ͻ 0.01), 20.2% on LDL-C (p Ͻ 0.01) and 18.8% on apo B (p Ͻ 0.01)) than in those in the highest birth weight tertile, where the effect of the ⑀2 allele was 5.6% on TC levels, 10.3% on LDL-C levels and reached statistical significance only for apo B levels (12.6%, p Ͻ 0.01). Similar effects of ⑀2 allele on TC, LDL-C and apo B between the low and the high tertiles of birth weight were observed in girls ( Table 3 ). The lowering effect of the ⑀2 allele was 12% (p Ͻ 0.01) on TC, 27.5% (p Ͻ 0.01) on LDL-C and 26% (p Ͻ 0.01) on apo B levels in the lowest tertile group of girls, and 7% (p Ͻ 0.05) on TC, 16% (p Ͻ 0.05) on LDL-C and 16% (p Ͻ 0.01) on apo B levels in the highest tertile of birth weight. In girls, the elevating effect of the ⑀2 allele on HDL-C was statistically significant in the low tertile but not in the high tertile. Figure 1 shows that, for both sexes, the decrease in TC, LDL-C and apo B levels found in children of the ⑀2⑀3 as compared with children of the ⑀3⑀3 genotype is lower as the body weight increases. Table 4 presents the results of the linear regression analysis (regression coefficients, standard errors, p values, and the value of R 2 for the model). For both sexes, the analysis shows that ⑀2 was associated with a statistically significant decrease in plasma TC, LDL-C, and apo B. In addition, it demonstrates a positive and significant interaction between birth weight and ⑀2, which may explain the fact that the decrease in TC, LDL-C, and apo B associated with the ⑀2 allele is more marked the lower the birth weight. However, birth weight and ⑀4 variables or their interactions did not show an independent relationship with none of the lipid parameters studied.
DISCUSSION
We have examined the possible interactions between apo E genotypes and anthropometric variables in our sample of 491 boys and 442 girls. The analysis of the apo E genotypes and plasma lipid levels in these prepubertal children revealed the expected effect of the ⑀2 and ⑀4 alleles on plasma TC, LDL-C and apo B levels; ⑀2 decreases whereas ⑀4 increases these lipid values. Interestingly, we noted a greater effect of the apo E polymorphism on TC, LDL-C and particularly the apo B levels in children with birth weight in the low tertile than those in the high tertile. Compared with the ⑀3⑀3 subjects, the reducing effect of the ⑀2 allele and the elevating effect of the ⑀4 allele on lipid levels was greater in those children with the lowest birth weight. The major differences were mainly associated with effects of the ⑀2 allele.
As the apo E allelic frequencies did not differ in boys and girls with different birth weights, the association of a particular allele with decreased or increased levels of the traits is not the explanation for those findings. Thus, a different allele seems to impact TC, LDL-C, and apo B levels, depending on birth weight.
It is accepted that variations in plasma lipid levels are determined, in part, by polymorphisms in the apo E gene (7) (8) (9) (10) (11) (12) (13) and also by birth or infancy weight (19) . However, the interaction of anthropometric variables with the specific effects of apo E genotype on those variables remains unclear.
Henry et al. (20) reported that the LDL lowering effect of the ⑀2 allele and the raising effect of the ⑀4 allele was greater in a In boys, low tertile ϭ birth weight Ͻ3.1 kg; medium tertile between 3.1 kg and 3.8 kg; high tertile ϭ birth weight Ͼ3.8 kg. In girls, low tertile ϭ birth weight Ͻ2.9 kg; medium tertile between 2.9 kg and 3.5kg; high tertile ϭ birth weight Ͼ3.5 kg. 876 group of adults with low infant weight as compared with a group with high infant weight, although in their study this effect did not reach statistical significance. Moreover, as a mechanistic explanation for these observations, the authors suggested that changes in the apo E gene expression had been programmed by in utero nutritional events.
The large number of children included in our study provided a sample of sufficient size to compare the effect of apo E genotype on lipid levels according to birth weight. Furthermore, our study focused on children of specific prepubertal age (average age of 6.7 y), allowing us to study the effects of the gene without complications of sex hormones. Moreover, these children were studied at an age where environmental or lifestyle factors typical of adult age (stress, alcohol, tobacco, etc.) are not present and thus, do not complicate the effect of apo E genotype on lipids.
The major function of the apo E ligand is regulate the hepatic clearance of TG rich lipoproteins of intestinal and hepatic origin via the apo B and apo E LDL receptor and the LDL receptor-related protein (21) . The Apo E2 isoform has a lower affinity to apo E receptors than E3 and E4 isoforms (22) . The differences in cholesterol absorption and postprandial remnant clearance between phenotypes, due to the different isoforms, may lead to up-regulation of hepatic LDL-receptors in subjects with E2-isoform and a lowering of serum cholesterol levels. Conversely, efficient uptake of apo E4-containing triglyceride-rich particles causes hepatic lipid accumulation with down-regulation of LDL-receptors and an increase in serum cholesterol levels.
Elevated serum cholesterol concentrations in adult life are associated with impaired growth during late gestation, when fetal under-nutrition exerts a disproportionate effect on liver growth. Impaired liver growth may permanently alter LDL-C metabolism (19) . If reduced fetal growth leads to poor liver growth, it may also cause a down-regulation of hepatic receptors. Consequently, the different properties of each isoform in determining differences in lipid metabolism would be intensified by the hepatic programming of the receptor gene expression in the case of apo E2 and apo E4 isoforms and neutral in the case of apo E3.
Our results have allowed us to confirm that the effects of ⑀2 and ⑀4 alleles on apo B-containing lipoproteins in this schoolbased survey were as expected. More importantly, our observations demonstrate that the extent of the lipid increasing or decreasing effects associated with an allele were modulated by birth weights, being more pronounced in subjects of low birth weight. Thus, in children with the ⑀2 allele, a birth weight in the lowest tertile determines a much-less atherogenic profile at the prepubertal age than a high birth weight. Taking into account the prevalence of these alleles and that the apo E polymorphism appears to be the main genetic regulator of plasma lipids in our population, the interaction of apo E genotype and birth weight may represent a critical determinant of TC, LDL-C, and apo B levels, and, therefore, of atherosclerosis. 
